Introduction
============

Analyses of several yeast genomes have confirmed the presence of a whole-genome duplication (WGD) in the clade including the bakers\' yeast *Saccharomyces cerevisiae* ([@b87]; [@b41]). One of the most puzzling aspects of any WGD event is the question of what immediate selective advantage it conferred upon its possessor. Such an advantage would have been necessary to counteract the disadvantages of reproductive isolation ([@b27], [@b28]) and increased metabolic costs ([@b82]; [@b25]) experienced by a post-WGD organism compared to its peers. Here, we try to place the genome duplication into the larger picture of the evolutionary history and ecology ([@b81]; [@b32]) of this species. Several authors have speculated that WGD enhanced *S. cerevisiae*\'s ability to metabolize glucose ([@b87]; [@b86]; [@b46]) and/or to grow anaerobically ([@b45]; [@b59]; [@b60]). We provide evidence that the preservation of some duplicate gene pairs created by the WGD was related to their contribution toward high glycolytic flux. We further consider the possibility that this selection was active soon after the WGD and may be the reason for its survival.

In the presence of oxygen, most eukaryotes fully oxidize glucose to carbon dioxide and water using the TCA cycle, driving mitochondrial ATP synthesis with the accumulated reduced coenzymes. When oxygen is limited, a fermentative pathway is used instead, so that, in yeasts, glucose is converted to ethanol ([@b62]). *S. cerevisiae* is unusual in that it prefers to ferment glucose into ethanol even in the presence of oxygen (the Crabtree effect; [@b24]; [@b38]), despite this pathway\'s energetic inefficiency. This phenotype is part of a suite of adaptations that allow *S. cerevisiae* to maintain very high growth rates when glucose is in excess ([@b60]).

On the basis of comparative genetics and genomics, some of these Crabtree-related adaptations can be dated to prior to the WGD and some to after it. For instance, the *HAP4* gene in *S. cerevisiae* seems to have acquired a role in the regulation of respiration since the split with the non-WGD species *Kluyveromyces lactis* ([@b8]; [@b14]). The alcohol dehydrogenase genes *ADH1* and *ADH2* in *S. cerevisiae* are the product of a gene duplication also post-dating the WGD ([@b75]). The two resulting gene products allow *S. cerevisiae* to efficiently use glucose through fermentation ([Figure 1](#f1){ref-type="fig"}). The product of *ADH1* is primarily responsible for producing ethanol from acetaldehyde, while *ADH2*\'s gene product is optimized to catalyze the reverse reaction ([@b75]).

On the other hand, a regulatory circuit that represses pathways that metabolize other sugars when glucose is abundant is conserved in *K. lactis*. This circuit includes the MIG1 repressor ([@b20]; [@b24]) and the glucose-sensing proteins (RAG4 in *K. lactis* and SNF3 and RGT2 in *S. cerevisiae*) that initiate signal cascades that in turn alter gene expression in response to glucose ([@b54], [@b53]; [@b5]). *SNF3* and *RGT2* are WGD paralogs of each other and orthologous to *RAG4* in *K. lactis*. Notably, the two *S. cerevisiae* paralogs appear to have undergone functional divergence since duplication, with the former signaling low glucose concentrations and the latter higher concentrations ([@b54], [@b53]). Of course the primary metabolic enzymes of glycolysis, fermentation and respiration are ancient and widely distributed in yeasts ([@b7]), and the ability to ferment glucose under anaerobic conditions also predates WGD ([@b80]; [@b49]).

These observations suggest that the yeast lineage leading to *S. cerevisiae* has been characterized by a long period of natural selection for rapid growth on substrates such as glucose. Several lines of evidence suggest that WGD may have played a role in this selection. A survey of over 40 yeast species both with and without the WGD indicates that the ability to grow anaerobically on minimal media, the presence of a Crabtree effect and the ability to generate petite mutants are all strongly associated with yeasts possessing the WGD ([@b48]). Another study also found a general, though weak, trend for higher rates of ethanol production in post-WGD yeasts (e.g., *Saccharomyces exiguus* and *Saccharomyces servazzii*) than in non-WGD yeasts ([@b7]). There is also an excess of energy metabolism genes surviving in duplicate from this event ([@b44]). In this paper we propose that the WGD had an important impact on gene dosage and that this dosage change had a knock-on effect on *how* the lineage of post-WGD yeasts (including *S. cerevisiae*) uses glucose.

We propose three linked hypotheses relating glucose metabolism to the yeast WGD. First, we suggest that the loss of duplicate copies of other genes after WGD increased the concentrations of glycolytic enzymes (which survived in duplicate). Second, we propose that the inherent kinetics of fermentation and respiration meant that this increase in enzyme concentration gave rise to an increased preference for fermentation in the partially polyploid yeast. Finally, we propose that this yeast had a selective advantage because it was able to use glucose more rapidly than its ancestors and hence out-compete other yeasts when glucose was in excess. In the sections below, we briefly introduce each hypothesis in turn.

Hypothesis 1---WGD followed by gene loss raised glycolytic enzyme concentrations
--------------------------------------------------------------------------------

To increase flux through a metabolic pathway is a challenging problem for natural selection. In general, a slow succession of changes in enzyme concentrations (due either to independent gene duplications or to independent changes in gene expression) will be required to increase flux, as (roughly speaking) one reaction after another becomes rate-limiting ([@b39]). Given that natural selection favors microorganisms with higher growth rates and that gene expression in these organisms can evolve rapidly ([@b19]), it is not surprising that a laboratory attempt to increase growth rates in *S. cerevisiae* by overexpression of a single enzyme (pyruvate decarboxylase) was unsuccessful ([@b76]). It is instead more likely that any increase in the rate of cell division would require more global changes in gene expression such as those seen in experimental evolution studies ([@b22]). Duplicate gene pairs produced by WGD have the potential to produce precisely these simultaneous changes in enzyme concentrations, an idea attributable to [@b51]. An association between reactions with high flux and an increased frequency of iso-enzymes formed by gene duplication has been found in yeast ([@b55]), suggesting that duplication can help organisms to adapt their metabolic fluxes. However, that study did not partition the duplicate genes considered into single-gene duplicates and duplicates produced by WGD.

We argue that the process of genome shrinkage following WGD eventually led to a bias in the expression of glycolysis enzymes. In support of this contention, we note that several duplicated genes in *S. cerevisiae* today have been maintained for reasons of increased gene dosage ([@b68]; [@b42]). We have also previously shown that soon after WGD there was a very rapid loss of duplicate genes ([@b66]). It is reasonable to argue this process of gene loss resulted in changes in relative levels of protein expression as part of the cell\'s protein 'energy budget\' was redirected to the surviving duplicates.

Hypothesis 2---higher enzyme concentrations increased the relative flux through fermentation
--------------------------------------------------------------------------------------------

If changes in relative gene dosages were able to increase flux through glycolysis, why was the result not simply an overall increase in metabolic rate? We propose that the fermentative and respiratory pathways responded differently to such changes. There are several reasons to think that changes in enzyme concentration should have relatively little impact on respiratory flux. First, respiration depends on the concentration of oxygen in the cell, which, unlike glucose, is difficult or impossible for the cell to alter. Second, because the copy number of the mitochondrial genome is unlikely to have been affected by the WGD, some respiratory proteins would not have seen an increase in concentration. Third, spatial factors such as the number and location of mitochondria may constrain the rate of respiration, as seen in studies of metabolic scaling ([@b85]). Although the fact that glycolytic enzymes are observed in association with the mitochondrial surface suggests that spatial constraints also affect glycolysis, not all copies of the requisite enzymes are so localized ([@b11]), meaning that this constraint should be weaker for glycolysis than for respiration. Thus, increased dosage from such enzymes may generally increase their dissolved concentration and allow them to route increased flux. Indeed, computational analysis supports a role for increased dosage from duplicates for several reactions in glycolysis ([@b44]). Glycolytic genes also increase in expression under anaerobic growth relative to aerobic growth in *S. cerevisiae* ([@b45]), presumably because their concentrations are not rate-limiting under respiratory conditions. Moreover, experiments that simultaneously overexpressed several enzymes in the lower half of the glycolytic chain and in the fermentative pathway yielded yeast cells with higher fermentative rates ([@b69]). Finally, *S. cerevisiae* strains with mutations in the *GCR1* and *GCR2* transcription factors show both lowered expression of glycolytic genes and increased reliance on respiratory reactions ([@b64]). Collectively, these points suggest that respiration and fermentation scale differently in yeast.

It might seem surprising that the fermentation enzymes would be in place to route additional flux after an increase in the rate of glycolysis and the consequent saturation of the respiratory apparatus. However, [@b88] found that *K. lactis* will ferment aerobically after an artificial block of the respiratory apparatus. It thus appears that even before WGD, yeast species may have had some ability to use alcohol fermentation as an overflow pathway, a principle suggested by [@b40].

At least part of *S. cerevisiae*\'s preference for fermentation is due to differences in the enzymes at the branch point between respiration and fermentation. Pyruvate decarboxylase (PDC) is the first step in fermentation, while pyruvate dehydrogenase (PDH, a multicomponent enzyme including *PDA1*, *PDB1*, *LAT1* and *LDP1* in [Figure 1](#f1){ref-type="fig"}) converts pyruvate to acetyl-Coenzyme A as the first step in respiration. These two reactions, which compete for pyruvate as a substrate, differ in their kinetics. The concentration of pyruvate that gives half-maximal activity (*K*~m~) of PDH is lower than that for PDC ([@b43]; [@b78]). Moreover, PDC exhibits cooperativity (super linear scaling of reaction rate with substrate concentration; [@b9]; [@b34]) with respect to pyruvate, and the maximal activity of PDC is greater than of PDH ([@b78]; [@b62]). The net result is to make flux through PDH favored at low pyruvate concentrations and flux through PDC favored at higher ones ([@b62]). Thus, for *S. cerevisiae*, a more rapid rate of glucose consumption should be associated with the routing of an increased proportion of the resulting pyruvate into fermentation as opposed to respiration.

Hypothesis 3---increased fermentation rate conferred a selective advantage
--------------------------------------------------------------------------

The first two hypotheses do not themselves suggest that any particular changes in gene dosage were advantageous to the ancestors of *S. cerevisiae*. However, it is plausible that the appearance of fruit-bearing angiosperms opened an ecological niche to which yeasts such as *S. cerevisiae* were particularly well adapted due to their ability to consume glucose rapidly through fermentation ([@b2]; [@b59]). Note that this advantage exists in spite of the fact that fermentation yields less ATP per gram of glucose than does respiration. Glucose resources are susceptible to a 'tragedy of the commons\' often seen in competitive situations. In particular, when multiple genotypes compete for glucose, organisms with fast, inefficient metabolism are at a selective advantage relative to their more efficient but slower-growing competitors ([@b58]; [@b57]; [@b47]).

Results
=======

The above hypotheses led us to examine the genome sequence and metabolic data available for *S. cerevisiae* and some of its close relatives to see if they showed evidence of selection for such metabolic changes.

Hypothesis 1A---number of glycolytic genes retained in duplicate since WGD
--------------------------------------------------------------------------

As previously described, it is possible to identify gene duplicates that owe their existence to the WGD by showing that a pair of duplicates lie in paired regions of shared gene order, as inferred by comparing that genome to those of yeast species without the genome duplication ([@b15]). In [Figure 1](#f1){ref-type="fig"} we find that, of the 10 reactions of glycolysis, five of them maintain WGD duplicates in *S. cerevisiae* (two duplicate pairs in the case of the first reaction) and moreover that five of these six duplicate gene pairs (excluding the pair *GPM2*/*GPM3*) are preserved across four species examined (*Saccharomyces cerevisiae*, *Saccharomyces bayanus*, *Candida glabrata* and *Saccharomyces castellii*; [@b15]). Given that 551 duplicate gene pairs have survived in *S. cerevisiae* since genome duplication, one can ask what the chances are that six such pairs would appear in a group of thirteen enzymes (including the ancient duplicate hexokinase, phosphoglycerate mutase and phosphofructokinase enzymes; [Figure 1](#f1){ref-type="fig"}). The hypothesis that the glycolysis genes were preserved in duplicate at the same frequency as the reminder of the genome is rejected by Fisher\'s exact test (*P*=0.0014), in agreement with the excess of energy metabolism duplicate genes in *S. cerevisiae* previously seen ([@b16]; [@b44]).

Moreover, given that 239 of the 551 *S. cerevisiae* duplicate pairs are also duplicated in the other three WGD species (taken from [@b15]), we can ask what would be the chance of seeing as many duplicates preserved across all four species as are seen in glycolysis if that pathway were to follow the pattern of the remainder of the genome. Given than the proportion of WGD duplicate genes in *S. cerevisiae* that are also preserved in the other three species excluding glycolytic duplicates is (239--5)/(551--6)=0.43, the probability of seeing five or more duplicates preserved in glycolysis is *P*=0.056 by a binomial test.

One could argue that these results simply reflect an overall preference for retaining duplicate genes of a particular functional class after WGD. To test this possibility, we retrieved all *S. cerevisiae* genes classified in Gene Ontology ([@b73]) as being involved in the biological process 'catabolism\'. We compared the proportion of surviving WGD duplicates in this category excluding glycolysis enzymes to the proportion surviving among the glycolysis enzymes. Significantly more duplicates survive among the glycolytic enzymes (*P*=0.004, Fisher\'s exact test, see [Supplementary methods](#S1){ref-type="supplementary-material"} for details).

Hypothesis 1B---distribution of hexose transporters
---------------------------------------------------

[@b61] have shown that hexose transport is the major rate-limiting step in glycolysis. Supporting this observation, [@b52] found that an *S. cerevisiae* strain with very limited capacity to transport hexoses does not show a Crabtree effect and under aerobic conditions only respires. Moreover, yeast cells grown in conditions of glucose limitation have been observed to undergo spontaneous duplication of hexose transporters ([@b12]). This observation implies that the duplication of transporters confers a selective advantage in environments that are otherwise able to support higher growth rates but for which the cells are operating near their maximal glucose uptake rates. If the WGD was fixed in the population in order to allow increased flux through glycolysis, it follows that hexose transport should occur at higher rates in the post-WGD species. Given the lack of experimental data from many of the species studied here, we cannot make a quantitative comparison of hexose transport rates between post-WGD and non-WGD yeasts. However, as a first approximation, we examined the number of hexose transporter genes in these genomes ([Table I](#t1){ref-type="table"}; see [Supplementary methods](#S1){ref-type="supplementary-material"} for details). In agreement with our hypothesis, all of the post-WGD species have at least twice as many hexose transporter genes as the three non-WGD species. Note that this difference is only partially due to WGD---*S. cerevisiae* in particular has several tandemly duplicated transporters that post-date the WGD (data not shown)---and probably reflects ongoing selection for increased rates of transport.

Hypothesis 2A---effects of enzyme concentration changes on the relative fluxes through fermentation and respiration
-------------------------------------------------------------------------------------------------------------------

If our first hypothesis is correct, the yeast ancestor that existed at the time of WGD had lower concentrations of glycolytic enzymes than does the modern *S. cerevisiae*. To gain insight into how altered enzyme concentrations might change the patterns of carbon flux, we used previously published models of *S. cerevisiae* metabolism ([@b72]; [@b61]) with the Jarnac/Jdesigner package ([@b65]). We first considered the change in metabolic steady state concentrations that might have resulted from duplication.

To a first approximation, reaction rates for an enzyme catalyzed reaction depend on two enzyme-specific parameters: *K*~m~, the substrate concentration that gives a half maximal reaction rate, which is essentially independent of enzyme concentration, and *V*~max~, the maximal reaction velocity. *V*~max~ depends on factors such as the activation energy of the reaction and the concentration of the catalyzing enzyme. We modeled the effects of WGD on glycolysis by representing the implied ancestral enzyme concentrations for glycolysis and alcohol fermentation as uniform reductions in their *V*~max~ values. As enzyme concentrations increase from 65 to 100% of their current levels (see [Supplementary methods](#S1){ref-type="supplementary-material"}), the concentration of several metabolic intermediates increases, with pyruvate showing a 17% increase in concentration ([Figure 2A](#f2){ref-type="fig"}). Perhaps even more significantly, the flux through the final reaction in glycolysis (i.e., pyruvate kinase, *CDC19* and *PYK2* in [Figure 1](#f1){ref-type="fig"}) increases by a factor of two across the range of enzyme concentrations considered (red line in [Figure 2A](#f2){ref-type="fig"}).

We next studied the effect that changes in pyruvate concentration have on the competing reactions PDC and PDH, given the differing kinetics of these two enzymes (see [Supplementary methods](#S1){ref-type="supplementary-material"}). [Figure 2B](#f2){ref-type="fig"} shows the ratio of PDC flux over PDH flux. We plot the dependence of this ratio on the concentration of pyruvate and on the ratio of NAD^+^ to NADH in the mitochondria. Note that we are concerned here with how the inherent kinetics of these two enzymes differ: the relative contours of [Figure 2B](#f2){ref-type="fig"} are independent of the actual concentrations of the two enzymes (so although those concentrations can be changed by regulatory interactions not included in our analysis, the relative behavior of the two enzymes cannot be so easily altered). Increasing the pyruvate concentration increases relative flux through PDC. In principle, this effect could be counteracted by the increased ratio of cytosolic NAD^+^ to NADH that is also seen when glycolytic enzyme concentrations increase (the slight increase in NAD^+^ concentration shown in [Figure 2A](#f2){ref-type="fig"} as *V*~max~ increases is matched by an equal decrease in the concentration of NADH). However, this counter effect is probably quite weak, both because the increase in NAD^+^ concentration seen is small and because the mitochondrial and cytosolic concentrations of these cofactors may not be in equilibrium ([@b13]).

Hypothesis 2B---compartmentalization of respiration
---------------------------------------------------

Alcoholic fermentation takes place in the cytosol, whereas respiration is carried out exclusively in the mitochondria of yeast cells. As a result, the ratio of the surface area of mitochondria to the volume of the cytosol imposes a spatial constraint on the rate at which pyruvate enters the mitochondria. Indeed, it appears that during aerobic respiration yeast mitochondria are larger and nearer the cell membrane than during anaerobic growth, possibly because this location is more efficient for oxygen uptake ([@b33]; [@b37]). If mitochondrial position is indeed spatially optimized in this manner it is unlikely that, after WGD, the cell would be able to rapidly adapt its mitochondria to accept any increased flux from glycolysis. Thus, the first reaction of respiration (PDH) cannot scale after dosage change in the same way that the first reaction of fermentation (PDC) does. This effect is illustrated in [Figure 2C](#f2){ref-type="fig"}. We first added the PDH reaction to the previous model of glycolysis (see [Supplementary methods](#S1){ref-type="supplementary-material"} for details) and then simultaneously lowered the *V*~max~ of all of the reactions, including PDH, as described above. However, the rate of diffusion of pyruvate into the mitochondria was left unchanged. We find that, at these lower *V*~max~ values, the relative contribution of PDH to total flux is increased ([Figure 2C](#f2){ref-type="fig"}). This effect is independent of the kinetics of the enzymes at the branch point (data not shown). A natural result of increased glycolytic activity is thus a decreased flux through the TCA cycle relative to that through fermentation.

Hypothesis 2C---effects of single enzyme concentration changes on glycolytic flux
---------------------------------------------------------------------------------

Under our first two hypotheses, the glycolytic enzymes whose genes were retained in duplicate after WGD were preserved to increase the flux through glycolysis (i.e., for dosage reasons). We would thus expect a strong relationship between whether an enzyme is present in duplicate and that enzyme\'s impact on flux. To test this hypothesis, we studied the effect on PYK flux of individually reducing the *V*~max~ of all the glycolytic enzymes (and the hexose transporters) to 90% of their current values. As [Figure 3A](#f3){ref-type="fig"} shows, the genes that remain in duplicate in all four post-WGD species (HXT, HXK/GLK, TDH, ENO and PYK) are, with the exception of PYK, also those enzymes that cause the greatest reduction in flux if their *V*~max~ values (a proxy for concentration) are reduced. *CDC19/PYK2* is an exception to this rule, probably because these enzymes are strongly induced in a feed-forward mechanism by fructose-1-6-bisphosphate ([@b31]), a metabolic intermediate whose steady-state concentration increases when the *V*~max~ of the PYK reaction is reduced (data not shown).

It is also relevant to ask if the same result of increased glycolytic flux could be achieved by single gene duplications as opposed to by WGD. To address this question, we started with a hypothetical pre-duplication state and modeled the effect of single enzyme concentration changes. For computational reasons (see [Supplementary methods](#S1){ref-type="supplementary-material"}) we chose to consider the effect of reducing the global *V*~max~ values to 75% of their current value and then individually increasing each enzyme\'s *V*~max~ to its present value and computing flux. As [Figure 3B](#f3){ref-type="fig"} suggests, the hexose transporters are again the reaction that gives the largest change in flux when *V*~max~ is changed. Nonetheless, no single enzyme change is able to produce the current flux (136.1 mmol/l/min); it is also important to note that the hexose transporters are already a large gene family: single duplications are unlikely to have the large effect on flux depicted in [Figure 3B](#f3){ref-type="fig"}.

Hypothesis 3---yeast ecology and natural selection
--------------------------------------------------

Our results suggest that the post-WGD yeasts have been under selection for the rapid consumption of glucose. In the section below, we illustrate one set of circumstances under which this usage pattern is advantageous. Our analysis is inspired by elegant theoretical treatments of this topic ([@b58]; [@b57]; [@b26]): we consider a much-simplified model of pseudo-yeast populations growing in a defined volume of liquid (a 'patch\'), avoiding issues such as colony area, density and oxygen availability, that arise for solid cultures. This simplification also neglects the possibility of cooperation among cells for more efficient glucose usage, a phenomenon that has recently been demonstrated in the laboratory ([@b47]). In our model, two pseudo-cells, one from each population, inoculate the patch at the same time. Growth is assumed to follow the Monod equation ([@b50]):

where μ is the growth rate at a specific concentration of glucose (\[*S*\]) ([@b83]) and μ~max~ gives the maximal growth rate given unlimited resources. *R*~*s*~ gives the resource concentration at which half maximal growth is seen.

We first compare two populations growing by fermentation and differing in their maximal fermentation rate. Maximal growth rates (μ~max~s) were taken from [@b77] as was the metabolic efficiency (the mass in grams of dry yeast cells obtained from a fixed mass of input glucose). The resource affinity *R*~*s*~ for respiring populations was taken from [@b83]. Since we do not have an equivalent value for fermentatively growing yeasts, for illustrative purposes we have assumed that *R*~*s*~ in this case is an order of magnitude higher, similar to the difference in *K*~m~ observed for the PDC and PDH enzymes ([@b62]). Note that the exact magnitude of this difference is not critical: respiring populations will always have the selective advantage seen at lower concentrations of glucose in [Figure 4B](#f4){ref-type="fig"} if their *R*~*s*~ is less than that of fermenting populations. That this is the case in real yeasts is clear from the fact that *S. cerevisiae* switches to respiratory growth when the concentration of glucose is sufficiently low, indicating that fermentation is not an effective growth strategy at these resource concentrations.

We compared two simulated yeast populations, one of which was given a 5% advantage in maximal fermentative rate (μ~max~) at the cost of roughly a 10% loss in efficiency per gram of glucose used. We allowed growth until the glucose concentration reached 10^−6^ M and then compared the ratio of the masses of the two populations as a proxy for selective advantage ([Figure 4A](#f4){ref-type="fig"}).

We find the advantages of faster fermentation are greatest in the presence of large patches with very dense resources ([Figure 4A](#f4){ref-type="fig"}). Although the faster fermenting yeast always has a growth advantage in our model, this is probably because no cost was imposed for increased protein synthesis in the faster fermenting strain. Thus, [Figure 4A](#f4){ref-type="fig"} should be interpreted not to give actual selective advantages but a sense of where those advantages are likely to be the largest. [Figure 4A](#f4){ref-type="fig"} also shows that selection will allow reduced efficiency if the result is a correspondingly greater increase in growth rate.

We also compared a fermenting population to a respiring one ([Figure 4B](#f4){ref-type="fig"}). Once again, the greater efficiency of the respiring population imparts no direct benefit. However, because the affinity (1/*R*~*s*~) for glucose of the respiring population is greater than that of the fermenting population, there is a range of resource densities for which respiration is selectively favored (ratio values \<1.0; [Figure 4B](#f4){ref-type="fig"}).

For the two competing fermenting populations ([Figure 4A](#f4){ref-type="fig"}) the variable that determines selective advantage is the overall quantity of glucose present, while, for competition between respiring and fermenting populations, selective advantage is dependant primarily on the glucose concentration ([Figure 4B](#f4){ref-type="fig"}). Since the quantity of glucose is function of both volume and concentration, we see an interaction of these two terms to produce the selective advantage in [Figure 4A](#f4){ref-type="fig"}. On the other hand, for [Figure 4B](#f4){ref-type="fig"}, the concentration will largely determine which population has the advantage, meaning that the volume of the patch mostly determines the relative magnitude of that advantage.

Taken together, [Figure 4A and B](#f4){ref-type="fig"} can be seen to indicate that the evolutionary appearance of large, resource-dense fruits could have made the fixation of a WGD for increased glucose metabolism more favorable. The timing of the WGD in yeasts corresponds approximately with the first appearance of angiosperms in the fossil record ([@b18]; [@b87]). We speculate that the selective environment that existed around the time of the appearance of angiosperms may have been especially favorable to the survival of a partly polyploid yeast because a new ecological niche of glucose-rich fruits had appeared. Existing yeast species were likely not adapted to thrive in this novel environment, meaning that even with the 'baggage\' of many duplicated genes, the ancestral yeast could have had a selective advantage for the reasons shown above. Of course, further regulatory changes, which yielded *S. cerevisiae*\'s current glucose response would also have evolved, in some cases using the WGD as raw material, such as is seen with *SNF3* and *RTG2*.

Discussion
==========

In this work, we propose a link between whole-genome duplication, increases in enzyme concentrations and the preference of modern *S. cerevisiae* to ferment glucose in the presence of oxygen. We find evidence for the preferential retention of duplicate genes from WGD in the glycolytic pathway, as well as evidence that, at least for the kinetic constants measured in modern *S. cerevisiae*, increases in enzyme concentrations both tend to increase glycolytic flux and to favor ethanol fermentation over oxidative respiration. We also confirm previous work showing that organisms with fast but inefficient metabolisms can have a selective advantage over their more efficient kin under certain conditions. Collectively, these results tend to support the hypotheses proposed, although of course much remains to be done in order to fully understand the effect of WGD on metabolism and on glycolysis in particular.

If the above hypotheses are borne out by further analysis, they will help integrate a number of facts regarding the biology of yeasts including *S. cerevisiae*, such as the origins and phylogenetic distribution of the Crabtree effect ([@b48]), the evolutionary rationale for the patterns of duplicate gene retention in yeast ([@b44]) and the nature of ecological competition among microbes ([@b58]; [@b57]). It will also be interesting to study the effect of WGD events in other taxa on glycolysis. Duplicate copies of the glycolytic genes in vertebrates have been studied, but uncertainties in phylogenetic reconstructions involved made it difficult to determine if observed duplications among these genes owed their origins to WGDs ([@b70]), leaving open the possibility of future analyses with gene order data to clarify the nature of the genes surviving from these WGDs.

The chief question raised by the above data is whether dosage selection for increased glycolytic flux was itself the reason for the survival of this WGD in the first place. This intrinsically attractive hypothesis is very difficult to test, and data that both support and undermine its plausibility can be found in the literature. Speaking against this possibility is the view that the uniform doubling in gene content through WGD should not change relative enzyme concentrations. Thus, tetraploids of wild-type *S. cerevisiae* cells have relative gene expression profiles that are essentially identical to diploid cells ([@b71]). Other data, such as that regarding cell size, is ambiguous with respect to the idea of dosage selection. If cell volume does not also double after WGD, even identical relative gene dosages can still yield changes in absolute enzyme concentrations. Artificial tetraploid strains of *S. cerevisiae* actually showed more than doubling of cell volume relative to diploids, in theory implying a general *decrease* in enzyme concentrations ([@b23]), which would tend to speak against our hypotheses. As a further complication, it is currently an open question whether this WGD was a true duplication of chromosomal content (autopolyploid) or a hybridization between two related species (allopolyploid). In the case of allopolyploidy, others have argued that the scaling of gene expression after hybridization will in general not be uniform and linear ([@b79]).

On the other hand, there are known cases where duplications are associated with apparent selection for gene dosage. These include aneuploidies observed in vineyard and deletion mutant strains of *S. cerevisiae* ([@b4]; [@b29]; [@b35]) as well as in clinical and laboratory isolates of *Candida albicans* ([@b56]; [@b84]; [@b67]). In the case of deletion mutants in *S. cerevisiae*, several aneuploid chromosomes were observed to carry a close homolog of the deleted gene and in some cases showed clear growth advantages as a result ([@b35]). Drug-resistant strains of *C. albicans* carry multiple copies of chromosomes or chromosome arms where genes conferring drug-resistance reside (e.g., [@b56]; [@b84]; [@b67]). It is also suggestive that genes that survive in duplicate from a WGD in the ciliate *Paramecium tetraurelia* are enriched for highly expressed genes ([@b3]). Collectively, these points argue that large-scale duplications can indeed be associated with selection for increased dosages of certain genes.

Although existing data give only mixed support to the idea of dosage selection preserving a WGD, the hypothesis has some very attractive features. One of the most important is the relatively simple nature of the changes required to produce it. We argue that even if relative gene dosages were unchanged immediately after genome duplication, the rapid gene loss that followed the WGD ([@b66]) would have quickly altered this situation. It is reasonable to argue that those duplicate pairs that survived this loss would experience an increase in relative expression as a result. Other mechanisms of fixing gene duplications, such as neofunctionalization or subfunctionalization, require specific mutations in one or both of the duplicate genes to create a selective pressure for duplicate maintenance. However, when some fraction of genes are under selection for dosage, mutations leading to loss of ANY other genes elsewhere in the genome will be sufficient to yield a selective advantage. Since this possibility massively increases the mutational 'target\' that can yield the beneficial phenotype, it follows that such a beneficial mutation will arise much more rapidly than is the case for neo- or subfunctionalization.

Of course, it seems rather unnecessary to duplicate an entire genome in order to change the flux in a single pathway. However, we suspect that the overall picture is more complicated than we have described here, with other duplicate genes (such as the previously mentioned pair of glucose-sensing genes) preserved as part of an adaptation to growth on glucose ([@b54], [@b53]; [@b17]). For example, four enzymes of the pentose phosphate pathway also maintain WGD duplicates in *S. cerevisiae*. This pathway has an important role in biosynthesis, and it would be reasonable to expect that increasing growth rates would also require increasing its flux.

It is clear that this WGD was only one event in a long process of adaptation leading to modern bakers\' yeast. It did, however, have lasting consequences, since a number of the duplicated genes have since evolved new or more specialized roles. For instance, the HXK and PYK gene pairs appear to have partitioned their ancestral functions to roles in high and low glucose levels ([@b10]; [@b63]; [@b17]). Equally intriguingly, two glycolytic duplicates may have acquired roles in cell proliferation: *i.e.* in meiosis for *EMI2* ([@b21]) or mitosis for *CDC19* ([@b30]; [@b1]). Under our model, duplicate copies of glycolysis genes were initially maintained for dosage reasons, but subsequent tuning of enzyme expression levels may have later freed one paralog to innovate ([@b6]).

More generally, our argument suggests that the niche inhabited by *S. cerevisiae* is only one of many such niches about which we know very little. To properly understand the genetics and metabolisms of yeasts, it will therefore be vital to appreciate the role played by natural selection in adapting each species to a particular niche. Behavior seen in the laboratory, under conditions very different from the wild, can then be understood in the light of this (currently unknown) ecology.
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![Overview of three catabolic pathways in *S. cerevisiae*: glycolysis, alcohol fermentation and the TCA cycle. Enzymes catalyzing each reaction are illustrated by circled gene names. Single lines joining pairs of enzymes indicate paralogous genes. Enzymes joined by three lines indicate paralogous enzymes derived from whole-genome duplication. The WGD pairs shown in red are preserved in double copy in four extant yeast species: *S. cerevisiae*, *S. bayanus*, *C. glabrata* and *S. castellii*. Protein localization for the *CIT*, *ADH* and *ALD* genes is taken from [@b36]. The multi-enzyme complex which constitutes PDH is illustrated by the darker blue enclosure.](msb4100170-f1){#f1}

![(**A**) Changes in the concentration of key metabolites in response to overall decreases in the *V*~max~ values for the reactions of glycolysis (blue, left axis scale), as well as the change in PYK flux over the same range (red, right axis scale). (**B**) Ratio of the flux through pyruvate decarboxylase (PDC, fermentative pathways) to the flux through pyruvate dehydrogenase (PDH, respiratory pathway) as a function of pyruvate concentration and the ratio of NAD^+^ to NADH concentration (because NAD^+^ and NADH are two oxidation states of the same molecule, their concentrations vary inversely and hence are constrained to sum to 8.01 in B; [@b74]). (**C**) Effect of compartmentalization on the relative fluxes of the first reaction in respiration (PDH) and in fermentation (PDC). On the *x*-axis is the relative enzyme concentration modeling a change from a rough pre-duplication state of 0.65 to a post-duplicate value of 1.0 (see A). On the *y*-axis is given the ratio of the fluxes between the two reactions relative to the flux when \[E\] on the *x*-axis is equal to 1.0.](msb4100170-f2){#f2}

![(**A**) Effect on flux through glycolysis (PYK flux) when the maximal enzymatic rates (*V*~max~) for the 10 relevant enzymes are individually reduced. Note that the TPI reaction is assumed to be at equilibrium and is not included in this analysis. On the *x*-axis are plotted the 10 reactions in question sorted in order of their effect on flux. On the *y*-axis is plotted the reduction in flux when *V*~max~ is reduced by 10% for the reaction in question. Red bars indicate genes preserved in duplicate since WGD as well as the *HXT* genes (see text). PFK values are shown in green, as this reaction is catalyzed by a pair of more ancient duplicates. The blue bar indicates a WGD pair of enzymes in *S. cerevisiae* that is not maintained across all four post-WGD species (GPM). Bars in black are single-copy genes in *S. cerevisiae*. Flux through PYK for the unaltered model was 136.1 mmol/l/min (dashed line). (**B**) Effect on flux through glycolysis (PYK flux) when *V*~max~ is first reduced to 75% of the current value for all reactions, and then individually increased to 100% of the current value for a single reaction. Thus the *y*-axis gives the flux through the pathway when all reactions except the one indicated have had their *V*~max~ reduced to 75% of the current value. Reactions are shown in the same order as in panel A for comparison. The dashed line indicates the flux through PYK of 90.2 mmol/l/min seen when *all* enzymes have their *V*~max~ values reduced to 75% of the current value.](msb4100170-f3){#f3}

![Relative growth advantage of one population over another for a range of potential resource distributions. On the *x*-axis is the volume of a resource patch (l); on the *y*-axis is the concentration of glucose (mmol/l) in that patch. The total mass of glucose is the product of the axes, but note that because metabolic rate does not scale linearly with concentration, equivalent masses of glucose at differing concentrations will give rise to differing competitive advantages. The scale indicates the ratio of the cell mass for each population when resources are exhausted. Thus, values greater than 1.0 indicate regions where a rapidly fermenting population has a competitive advantage. (**A**) Ratio of final cell masses between two populations, one of which has a 5% advantage in maximal fermentation rate (at a cost of ∼10% loss of efficiency in terms of grams of cell mass produced per gram of glucose consumed). (**B**) Comparison of a respiring and a fermenting yeast population. Blue regions (ratio\<1.0) correspond to conditions under which respiration is favored; orange, where fermentation is favored.](msb4100170-f4){#f4}

###### 

Number of hexose transport gene paralogs in five species of yeast

  Species                                       Has WGD?    Number of hexose transport genes
  --------------------------------------------- ---------- ----------------------------------
  *S. cerevisiae*                               Yes                        18
  *S. bayanus*[^a^](#t1-fn1){ref-type="fn"}     Yes                        16
  *C. glabrata*                                 Yes                        11
  *S. castellii*[^b^](#t1-fn2){ref-type="fn"}   Yes                        14
  *K. lactis*                                   No                         2
  *S. kluyveri*                                 No                         5
  *E. gosspyii*                                 No                         5

^a^One identified *Saccharomyces bayanus* hexose transporter could not be aligned by GenomeHistory, and is hence omitted from this row.

^b^Three sequences from *Saccharomyces castellii* could not be aligned by GenomeHistory, and are hence omitted from this row.
